"Stoppers" are a class of Neurospora crassa extranuclear mutants characterized by gross deficiencies of cytochromes b and aa3 and an unusual growth phenotype which involves irregular periods of growth and nongrowth. In the present work, mtDNAs from all four stopper mutants were found to contain deletions or insertions detectable by restriction enzyme analysis. [stp] mtDNA consists predominantly of defective molecules which retain a 16-megadalton segment 4, [stp] mtDNA (i.e., EcoRI-1, 4, and -6). The findings suggest that production of defective mtDNAs in Neurospora is nonrandom with a preferred mechanism leading to retention of this segment. It may be significant that the retained segment contains both mitochondrial rRNA genes and most mitochondrial tRNA genes. These deletion mutants may provide a tool for genetic mapping of Neurospora mtDNA.
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"Stoppers" are a class of Neurospora crassa extranuclear mutants distinguished by an unusual growth pattern on solid media: in contrast to wild-type strains which grow by continuous extension of hyphal tips, stopper mutants alternate between periods of growth and nongrowth, either of which may last for a few hours or several days (1) (2) (3) (4) (5) . Stopper mutants are also characterized by gross alterations in mitochondrial phenotype including severe deficiencies of cytochromes b and aa3 (1) (2) (3) (4) (5) . These findings suggest that the stopper phenotype results from a mutation in mtDNA, but the relationship between the mitochondrial defect and the growth characteristics has remained obscure.
Recently, in the course of studying variant Neurospora mtDNAs which contain tandem reiterations, Mannella et al. (6) (6) . Some preparations show decreased yields of high molecular weight restriction fragments. EcoRI, HindIII, and HincII digests were analyzed by electrophoresis on horizontal slab gels containing 0.8% agarose; Hpa II, Hae III, and Msp I digests were analyzed on vertical slab gels containing a linear gradient of 4-9% polyacrylamide (6) .
Assay of Mitochondrial Protein Synthesis. Rates of mitochondrial and whole-cell protein synthesis were measured by incorporation of L-[4,5-3H]leucine into trichloroacetic acidprecipitable material in the presence or absence of cycloheximide (8) . Mitochondrial translation products were identified on NaDodSO4/polyacrylamide gradient gels by a modification of the procedure of Douglas and Butow (9) to be described elsewhere.
RESULTS
mtDNA from [stp] . Figs. [1] [2] [3] show restriction enzyme digests of mtDNAs from wild-type and several mutant strains. The digest patterns for the three [stp] subisolates (596, 606, and 610) were distinguished by a few bands strikingly amplified with respect to the remaining bands (e.g., EcoRI-1, -4, and -6 in Fig.  1 ). Such patterns are assumed to reflect mixtures of defective mtDNAs (amplified fragments) and lower levels of more intact mtDNAs (nonamplified fragments). It should be noted that the nonamplified fragments show somewhat different patterns for the different [stp] subisolates, that they include "novel" fragments which do not comigrate with wild-type fragments, and that some wild-type fragments (e.g., EcoRI-3) cannot be detected (see Discussion). The structure of the predominant mtDNA can be deduced from the digest patterns. Fig. 4 shows that the amplified EcoRI showed amplified and nonamplified Hpa II fragments, and all but one of the amplified fragments comigrated with a wild-type fragment (Fig. 3) . Together, the results suggest that the predominant mtDNA in [stp] consists of a continuous 16-MDal segment of wild-type mtDNA that has not undergone substantial internal rearrangement. The single anomalous Hpa II fragment (upper arrow, Fig. 3 ) could be derived from a junction or an end or could represent an internal deletion.
Two discrepancies in the digest patterns should be noted here: (a) HincII-3 should be amplified in [stp] mtDNA (Fig. 4) but does not appear amplified in the gel pattern (Fig. 2) ; and (b) HincII-13 is amplified in the gel pattern ( Fig. 2) Figs. 1 and 2 ). Fig. 4 shows that the deletion can be mapped unambiguously from the affected fragments. mtDNAs from two other stopper mutants were characterized by EcoRI-digest patterns-only. mtDNA from [stp B2]-651 had a 4-kb insertion in EcoRI-2 and the predominant mtDNA in [stp A]-574 had a 5-kb deletion in EcoRI-2 and -10 (data not shown).
mtDNA from Extranuclear Mutant 540. Extranuclear mutant 540 was found to have defects in mitochondrial ribosome assembly similar to those in [poky] and the other group I extranuclear mutants (ref. 16 ; unpublished data). mtDNA from 540 showed no detectable alteration in digest patterns with EcoRI, HincII, HindIII (Figs. 1 and 2 ), or Hae III (data not shown). However, Hpa II or Msp I digests of 540 showed a single band of increased mobility corresponding to a deletion of less than 10 base pairs (Fig. 3) mechanism underlying this phenomenon is unknown but could involve either some replicative advantage of mutant mtDNA (19, 20) or asymmetric gene conversion (21) . Consistent with our hypothesis, all stopper mutants studied here have been found to predominate over wild type in heteroplasmons (2) .
Previous work showed that stopper mutants may change growth characteristics during subeulturing. The [stp ] mutant, for example, gave rise to three subcultures, 596, 606, and 610, which have distinguishable growth characteristics. In the present work, bona fide stopper growth was confirmed for the three [stp] subisolates, for [stp A]-574, and for [stp B2]-651 whereas [stp A18t]-618 showed a slow but continuous initial growth phase similar to that of [poky] . In terms of our hypothesis, variable growth characteristics could be accounted for by changes in factors that influence the competition between defective mtDNAs and more intact mitochondrial genomes. For example, cells in the "stop" phase should show strong selection for nuclear or extranuclear mutations that permit resumption of growth. We have also identified three strains, 540, [SG-3]-551, and [poky] Hi-10 (6), in which mtDNA deletions do not result in stop-start growth. There are two possible explanations for such strains: (a) the deletion involves a nonessential region or gives rise to a "leaky" phenotype or (b) the competition between the defective and more intact mtDNAs results in a stable ratio of these DNAs in heteroplasmons. The first possibility may be relevant to mutant 540 which had a deletion of less than 10 base pairs. We suspect that [SG- Because Neurospora is an obligate aerobe, it seems likely a priori that strains that contain defective mtDNAs must retain a low level of more intact mitochondrial genomes to support growth. This idea was supported by the previous results (6) for
[poky] HI-10. However, the present data are equivocal on this point. Although the three [stp] subisolates and [SG-3]-551 appear to contain low levels of less defective mtDNAs (nonamplified fragments), some wild-type fragments cannot be detected at all in the digest patterns [e.g., (Fig. 1) . It is possible, if not likely, that all essential wild-type mtDNA sequences are present and that sequences that appear to be missing are nonessential, are present below the limit of detection, or are incorporated into other fragments. An interesting observation is that the digest patterns for the three [stp] subisolates show somewhat different patterns of nonamplified fragments. It is conceivable that novel mtDNAs continue to be generated in these strains by illegimate recombination and that the predominant mtDNA, containing EcoRI-1, -4, and -6, retains some selective advantage with respect to the new combinations.
Remarkably, -the predominant mtDNA species in three different strains-[stp] and [SG-3]-551 and [poky] HI-10 (6)-all retain different lengths of the wild-type mtDNA segment defined by Eco RI-i, -4, and -6. This finding suggests that the production of defective mtDNAs in Neurospora is nonrandom, with a preferred mechanism leading to retention of EcoRI-1, -4, and -6, the segment that contains both rRNA genes and the large majority of tRNA genes (11) (12) (13) (14) (15) . By (1980) identified so far retain EcoRI-6 (and possibly adjoining sequences in EcoRI-4) and (ii) a 1.4-MDal sequence at the boundary of EcoRI-4 and -6 has been found to be amplified by tandem reiterations in some mutant strains (6) . The latter may recall Xdv plasmids (22, 23) and simian virus 40 or polyoma virus reiteration mutants (24) (25) (26) (27) which are characterized by tandem repeats of segments containing the replication origin. Based on these findings, we speculate that the replication origin of Neurospora mtDNA will be found near the boundary of Eco-RI-4 and -6. Some clue about mechanisms for production of defective mtDNAs in Neurospora may be provided by information about the location of the replication origin, the mode of replication, and DNA sequences at the boundaries of the defective molecules. Bernardi and coworkers (28) have proposed that defective mtDNAs of spontaneous petite mutants may be generated by nonrandom mechanisms that involve site-specific illegitimate recombination taking advantage of localized homologous sequences (specifically, G+C clusters and A+T tracts). Such a mechanism could also account for nonrandom generation of defective mtDNAs in Neurospora. The large size of Neurospora defective mtDNAs, compared to petite yeast mtDNAs (cf. ref. 7) , may be related to a smaller number of repetitive sequence elements.
The mtDNA of [stp A18t]-618 had a 0.350-kb deletion in EcoRI-7b. It can be seen in Fig. 1 that the nonamplified fragmnent in [stp]-596 had exactly the same deletion. This situation could be another case of nonrandom generation of deletions. EcoRI-2 and -3 are also implicated as "hot spots," alterations in these fragments being noted in several strains.
Some yeast petite mtDNAs have been found to consist of oligomers of retained wild-type mtDNA sequences organized as tandem or inverted repeats (7) . The data for the defective [stp] and [SG-3]-551 mtDNAs give no insight into this level of structure. Indeed, even the inference that the amplified fragments (EcoRI-1, -4, and -6) are contiguous on the same mtDNA molecule has not been directly proved. More detailed information could be obtained by isolation of intact circular mtDNA molecules which has proven difficult for yeast and Neurospora (29, 30 (Fig. 6) . The failure to find deficiencies of major translation products is unexpected, particularly for [stp] and [SG;3]-551 in which more than half of the mitochondrial genome is deleted from the predominant mtDNA species. Three explanations come to mind: (i) that the structural genes for the major translation products all are present on the predominant mtDNA species, (ii) that some or all of the structural genes are deleted and only genes on nondefective genomes are expressed, and (iii) that the stoichiometry of the major translation products is regulated so that gene dosage effects are obscured. An important general implication of the present work is that the occurrence of defective mtDNAs may be more widespread than had been believed previously. In particular, the results suggest that obligately aerobic cells can harbor defective mtDNAs so long as low levels of less defective mitochondrial genomes are retained to sustain growth. Cummings et al. (31) recently identified multimeric circular DNA molecules of unit length 2.6 kb in mitochondria from senescent strains of the fungus Podospora anserina. The "red" variant of Aspergillus also has characteristics similar to those of Neurospora stopper mutants: in particular, the responsible factor is lethal in the homoplasmic state but also is suppressive with respect to the normal factor (32, 33) . At present, it is not known whether animal cells might also harbor defective mtDNAs. If so, these may have important consequences for cellular pathology.
